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DYNAMIC FILTER SYSTEM 

Technical Field 

The present invention relates to a dynamic filter assembly and, in particular, 
to an improved dynamic filter assembly and filter unit 

Background of the Invention 

A dynamic filter assembly typically includes a housing which contains a filter 
unit having one or more filter elements positioned adjacent to an element having one 
or more members. In typical embodiments, there is a relative motion between the 
filter elements and the members, e.g., rotational motion. The filter elements and the 
members may have any of a variety of suitable configurations. For example, the 
filter unit may include a stack of substantially flat, disk-shaped filter elements while 
the element may include a stack of substantially flat rotary disks or members coupled 
to a shaft The rotary disks may be interleaved between the filter elements with a 
gap maintained between each filter element and rotary disk. The rotary disks 
preferably rotate relative to the filter elements. 

In typical embodiments, a process fluid is input into the housing through a 
process fluid inlet and theji passes through the gaps between the rotary disks and the 
filter element While the process fluid is in the housing, it may be preferable to 
maintain a relative rotation between the filter elements and the members. The. 
permeate passes through the filter elements and exits the housing through a 
permeate outlet. The remainder of the process fluid 4-e, the retentate or 
concentrate, exits the housing through a retentate/concentrate outlet 

Hie relative rotation of the members and the filter elements causes the 
process fluid in the gaps between the members and the filter elements to sweep the 
surface of the filter elements. Debris are thus prevented from accumulating on the 
surface of the filter elements and fouling or clogging of the filter elements is 
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minimized. This extends the useful life of the filter elements. 

Discovery of the Invention: 

In some embodiments, a pump or other pressurizing mechanism may be used 
to pressurize the process fluid side of the dynamic filter system to a system pressure 
P s . The system pressure P s is typically a uniform pressure applied to the upstream 
side of the filter elements. Pressure on the process fluid side is also affected by the 
relative rotation between the filter elements and the members. The process fluid 
side pressure may be approximated by the following equation: 

P c (r) =P fi + -£Q 2 r 2 

Where: 

n = Angular Velocity of the Member 
p = Fluid Density 
r = Radial Position 

The transmembrane pressure P^, for the case where there is no rotation is 
simply P s - P a (where P a is the permeate outlet pressure). In the case where there 
is a relative rotation between the members and the filter elements, the relative 
rotation causes an additional component of the transmembrane pressure to develop. 
A simple model of the transmembrane pressure may be developed in which the 
transmembrane pressure depends on, for example, the extent to which the permeate 
valve is open, fluid density, fluid viscosity, dimensions of the filter element e.g., inner 
and outer radii, the flow coefficient, and any flow restricting mechanism in or around 
the filters including membrane permeability and substrate permeability, e.g., groove 
and duct dimensions, and/or other permeability altering mechanisms. 

The specific constants for the general transmembrane pressure equation may 
be calculated for various filter element shapes and configurations. For example, an 
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approximation of the transmembrane pressure may be calculated for a grooved D- 
shaped filter having an inner radius Rj, an outer radius and rectangular grooves 
having width W and pitch L Assuming the flow resistance of the permeate side is 
due entirely to a value at the permeate outlet, a simple model of the transmembrane 
pressure can be derived. If the flow resistance of the permeate side is zero when the 
permeate valve is open and infinite when permeate valve is closed, the 
transmembrane pressure for a given radial position r along the grooved, D-shaped 
filter element may be approximated by the following equations: 



Permeate Valve: 



P B - p. * |Q'r 2 
■£Q 2 (2r 2 - Jtf - Rf) 



Closed 



Open 




-2_ 2 



Partly Open 



Where: 



p = Fluid Density 

= Membrane Permeability 
Cv = Flow Coefficient 
M = Fluid Viscosity 



An important result of the above calculations is that the transmembrane 
pressure may be negative at the inner radius when the permeate valve is either 
closed or partially closed or if there is significant restriction in the flow of permeate. 
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The pressure on the process fluid side increases quadratically with increasing radius. 
With the permeate valve closed, the pressure on the permeate side of the filter 
element is equal to the average of the pressures at the inner radius and the pressure 
at the outer radius on the process fluid side. Thus, with the permeate valve closed, 
5 the transmembrane pressure at the inner radius will be negative with respect to the 
transmembrane pressure at the outer radius. 

In this embodiment, the greatest negative pressure will be at the inner most 
radial position of the filter element. Progressing outward from the inner radius 
toward the outer radius, there is a radial position (termed the crossover point) at 

10 which the transmembrane pressure is zero and the pressure on the process fluid side 
equals the pressure on the permeate side. From the crossover point to the inner 
radius, the negative transmembrane pressure increases until the inner radial position 
is reached. From the crossover point to the outer radius, the positive 
transmembrane pressure increases until the outer radial position is reached. The 

15 radial position at which the cross-over point is reached may be calculated for various 
filter configuration by setting the transmembrane pressure to zero and solving for r. 
For the case where the permeate valve is shut, the cross-over point is simply: 



^crossover point 



As a result of the above described pressure imbalance, permeate flowing 
through the filter at the outer portion of the filter element (i.e., from the cross-over 
2 0 point to the outer radius recirculates back through the filter to the process fluid 
side at the inner portion of the filter element (Le., from the cross-over point to the 



4 
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inner radial position Rj). A large recirculation flow between the inner and outer 
portions of the filter elements may serve to foul the filter along the outer radius. 
Thus, there is a problem of how to prevent fouling at the outer portion of the filter 
element and/or prevent back pressure damage to the inner radial portion of the 
filter element when the permeate outlet valve is fully or partially closed such that the 
permeate side pressure exceeds the process fluid side pressure produced along the 
inner radius. 

Fouling of the filter elements may be caused by the accretion of solid phase 
material on the filter media as the process fluid flows through the filter media. The 
flow rate of the process fluid through the filter media is a function of the 
transmembrane pressure, and hence the flow rate increases with increasing disc spin 
rate and increasing radial position. However, the fouling of the membrane increases 
less rapidly than the increase in the flow rate due to the increased shear at the outer 
radius. The relative rotation between the filter elements and the members creates 
a shearing layer between the filter elements and a block of fluid that spins as if it 
was a rigid body. The shearing layer provides a lift force on particles in the fluid. 

The transmembrane pressure drives fluid and the particles in the fluid towards 
the membrane. The larger the transmembrane pressure, the faster the fluid and the 
particles are driven towards the membrane. The shear near the membrane provides 
a lift force on the particles only. And that lift force tends to move the particles away 
from the membrane. The bigger the particle, or the larger the shear force, the more 
lift there is. As a result, there is a partial balancing between the transmembrane 
pressure force that is driving a particle towards the membrane and the lift force or 
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shear that is driving the particle away from the membrane. However, to the extent 
that the increased flow at the outer radius exceeds the increased shear, fouling 
occurs. The fouling may start at the outer radius and proceed inward. However, 
in some dynamic filter assemblies, e.g., spinning filters with out interleaved members, 
preferential fouling may occur along the inner radius. 

The flow increases with increasing radius, e.g., proportional to r 2 . This 
increase is partially balanced by the increasing shear force which increases at a 
power less than r 2 . For example, in some applications, the shear may increase only 
with the 3/2 power. Hence, although the flow through the membrane increases with 
a square of the radius, the partial balancing of the shear force causes the fouling of 
the membrane to increase at a slower rate with increasing radius. Accordingly, 
devices and methods are required to prevent preferential fouling (particularly along 
the outer radius) of the membranes in dynamic filter assemblies. 

The preferential fouling, including preferential fouling at both the inner 
and/or outer radius of the filter elements, may be adverted by various mechanisms 
including adjusting the permeability and/or flow through the filter elements. In 
some embodiments, it may be desirable to use empirical tests to determine the 
location and/or amount of the preferential fouling. Accordingly, the permeability 
and/or fluid flow through different portions of the filter element may be adjusted to 
reduce and/or eliminate the preferential fouling. In some embodiments, it may be 
desirable to empirically retest the adjusted filter elements to verify that the 
preferential fouling is eliminated or reduced. Any necessary readjustments may be 
made after the filter elements are retested. Further, it may be desirable to 
determine the minimum amount of permeability and/or flow reduction which 
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prevents preferential fouling in order to maximize the flow of permeate while 
minimizing preferential fouling. 

Thus, while conventional disk-type dynamic filter assemblies have proven very 
effective, they nevertheless have several disadvantages. For example, conventional 
disk-type dynamic filter assemblies may exhibit preferential fouling at one or more 
locations on the filter assemblies, and particularly at the outer circumference or 
along an outer annular ring. Further, conventional disk-type dynamic filters often 
require a high system pressures so that the increased pressure at the outer radius is 
a small percentage of the overall system pressure. Additionally, the filter elements 
in many dynamic filter systems may become permanently fouled by the dynamic filter 
start-up procedure. 

One problem with full speed operation with a clean membrane without any 
flow restriction is that there is a large flow at the outer periphery of the filter 
elements due to the large transmembrane pressure. This large flow may cause 
permanent fouling upon start-up unless one or more flow restricting mechanisms are 
utilized. 



Summary of the Invention 

A principal object of the present invention is to provide a dynamic filter 
assembly which solves or minimizes the above problems. Additional objects are (1) 
to provide a filter unit having a predetermined start-up procedure to minimize 
permanent fouling; (2) to provide a dynamic filter assembly which utilizes a wide 
variety of materials to meet the requirements of the filtering process and which 
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accommodates the dissimilar materials without impairing the function of the dynamic 
filter assembly; (3) to provide a filter unit having a substantially uniform fouling 
throughout the membrane; (4) to control the start-up of the dynamic filter system; 
(5) to control the back-pressure conditions; and (6) to include structures and 
processes which enable flow through different regions of the filter elements to be 
controlled. 

Accordingly, a dynamic filter assembly according to the present invention 
includes a housing including a process fluid inlet and a permeate outlet A filter unit 
is disposed within the housing and includes a plurality of filter elements. A member 
is also disposed within the housing and opposes at least one of the filter elements. 
The member and the filter are arranged to rotate relative to one another to resist 
fouling of the filter elements. The filter elements have an upstream side which 
communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet. Each filter element includes a mechanism 
restricting fluid flow to prevent preferential fouling of the filter element. 

The invention may include a dynamic filter assembly comprising: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet, the filter element including a mechanism 
restricting fluid flow to prevent preferential fouling of the filter element; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter. 

8 
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The invention may further include a dynamic filter assembly comprising: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet, the filter element including a mechanism 
regulating fluid flow in a plurality of circumferential regions to prevent preferential 
fouling of the filter element; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter. 

Further, the dynamic filter assembly may comprise: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet through a permeate path, the filter element 
including a permeable element disposed within the filter element in the permeate 
path for regulating fluid flow in a plurality of circumferential regions to prevent 
preferential fouling of the filter element; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter. 

The dynamic filter assembly may further include: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
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communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet via a permeate path; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter; and 

means disposed in the permeate path for regulating flow of permeate fluid 
through the filter element to prevent preferential fouling of the filter element 

The invention may further include a method of operating a dynamic filter 
comprising: 

rotating a member relative to a filter element at a predetermined speed; 

then increasing the rate at which permeate fluid is permitted to flow. 

Although the invention has been tentatively defined using the appended 
claims, these claims are exempary and not limiting in that the invention is meant to 
include the apparatus and methods described herein in any combination or 
subcombination without limitation. Accordingly, there are any number of alternate 
combinations for defining the invention which combine one or more elements from 
the existing claims or from the specification in various combinations or 
subcombinations. 

Brief Descri ption of the Drawings 

Figure 1 is a schematic view of a dynamic filter system according to the 
present invention; 

Figure 2 is a partially sectioned elevation view of one embodiment of the 
dynamic filter assembly of Figure 1; 

10 
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Figure 3 is a partially sectioned side view of one embodiment of a filter unit 
of the dynamic filter assembly of Figure 1; 

Figure 4 A is a sectioned side view and Figure 4B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 5A is a sectioned side view and Figure SB is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 6A is a sectioned side view and Figure 6B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 7 A is a sectioned side view and Figure 7B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 8 A is a sectioned side view and Figure 8B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 9A is a sectioned side view and Figure 9B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 10A is a sectioned side view and Figure 10B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 11A is a sectioned side view and Figure 11B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; 

Figure 12 is a sectioned side view of one embodiment of a filter element 
according to the present invention; 

Figure 13 A is a sectioned side view and Figure 13B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention; and 

Figure 14A is a sectioned side view and Figure 14B is a top plan view of an 
exemplary embodiment of a filter element according to the present invention* 

11 
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Description of Embodiments 

As shown in Figure 1, a dynamic filter system of the present invention may 
include a dynamic filter assembly 101, a process fluid feed arrangement 102, a 
retentate recovery arrangement 103, and a permeate recovery arrangement 104. The 
dynamic filter assembly 101 generally comprises a housing 105 having a process fluid 
inlet 106, a retentate outlet 107, and a permeate outlet 108. The dynamic filter 
assembly 101 includes one or more filter elements and one or more members which 
are interleaved within the housing and arranged to rotate relative to one another. 

The process fluid feed arrangement 102 is connected to the process fluid inlet 
106 of the dynamic filter assembly 101 and may include a tank, vat, or other 
container 111 of process fluid which is coupled to the process fluid inlet 106 via a 
feed line 112. The process fluid feed arrangement 102 may also include a pump 
assembly 113 which can comprise a positive displacement pump in the feed line 112 
for transporting the process fluid from the container 111 to the dynamic filter 
assembly 101. A pressure sensor 114 may also be included in the process fluid feed 
arrangement 102. 

The process fluid feed arrangement 102 may also include a buffer tank, vat, 
or other container 211 of buffer fluid which is coupled to the process fluid inlet 106 
via a feed line 112. Hie pump assembly 113 may also transport the buffer solution 
from the container 211 to the dynamic filter assembly 101. 

In alternative embodiments, the process fluid and buffer solution may be 
supplied from any suitable pressurized source and/or flow control arrangement in 
addition to or instead of the pump assembly 113. Additionally, the process fluid feed 

12 
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arrangement may include one or more control valves 219, 220 and/or flow meters 
222 for controlling the flow of process fluid and/or buffer solution through the feed 
line to the process fluid inlet of the dynamic filter assembly. 

The retentate recovery arrangement 103 is coupled to the retentate outlet 107 
of the dynamic filter assembly 101. Where the dynamic filter system is a 
recirculating system and is designed to repeatedly pass the process fluid through the 
dynamic filter assembly 101, the retentate recovery arrangement 103 may include a 
retentate return line 116 which extends from the retentate outlet 107 to the process 
fluid container 111. Valves 119A and 119B may be coupled to the retentate return 
line 116. Valves 119 may regulate the flow of retentate and/or direct the retentate 
to a separate retentate container and/or away from the dynamic filter system. The 
retentate recovery arrangement 103 may also include a pump assembly 117 which 
can include a positive displacement pump for transporting the retentate from the 
dynamic filter assembly 101 to the process fluid container 111. Alternatively, the 
retentate recovery arrangement may include, in addition to or instead of the pump 
assembly, one or more control valves, flow meters 223, and pressure sensors 118 
coupled to the retentate return line. 

The permeate recovery arrangement 104 is coupled to the permeate outlet 
108 of the dynamic filter assembly 101 and may include a permeate recovery line 122 
which extends from the permeate outlet 108 to a permeate container 123. One or 
more valves 124A-124B may be coupled to the permeate recovery line 122 to direct 
the permeate away from the dynamic filter system. Further, pressure sensors 125, 
127 may also be included in the permeate recovery arrangement 104. 

The permeate recovery arrangement may include a pump assembly coupled 

13 
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to the permeate recovery line 122 for withdrawing permeate from the dynamic filter 
assembly. For example, a constant displacement pump or other arrangement may 
be used to establish a substantially constant flux across the filter elements of the 
dynamic filter assembly 101, which may be useful in continuous or long-run 
operations. Transmembrane pressure across the filter elements can be minimized 
initially and then allowed to increase over time as the filter elements gradually foul. 
Alternatively, the permeate recovery arrangement 104 may include, in addition to or 
instead of the pump assembly, one or more control valves 124A, 124B and flow 
meters 221 coupled to the permeate line. 

In preferred embodiments, the relative rotation between the filter elements 
and the disk members is produced by a rotational unit 132 which includes a motor 
assembly 133 coupled to a shaft 134. 

A controller may optionally be coupled to each of the elements in Figure 1 
to provide control of the dynamic filter system. In some embodiments, a controller 
is not required and/or the control functions may be performed manually by an 
operator. If a controller is included, the controller may, for example, include any 
digital and/or analog control arrangement including discrete logic, a feedback control 
system, a microcontroller or other processing arrangement such as a microprocessor 
or digital sequence controller. 

Additionally, the dynamic filter system may be variously configured to include 
other subsystems such as, for example, a barrier fluid seal arrangement including 
rotary seals, a sterilization and/or cleaning arrangement, a heat exchange 
arrangement, and a transport apparatus to move the dynamic filter assembly. 

As shown in greater detail in Figure 2, a preferred embodiment of the 

14 
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dynamic filter assembly 101 preferably comprises a housing 105, a filter unit 147, 
preferably stationary, and including one or more filter elements 148, and a rotational 
unit 132 having one or more members 151 (preferably disc shaped) which are 
mounted to a central shaft 134 and are interleaved with the filter elements 148. A 
barrier seal 135 may alternatively be included. This is especially useful when the 
inlet is close to the concentrate outlet as in Figure 2. 

The dynamic filter assembly may comprise filter elements 148 attached to a 
rotating housing and members attached to a rotating shaft 134, or filter elements 148 
attached to a stationary or a rotating shaft and members attached to a stationary or 
a rotating housing. If the filter elements 148 are attached to a rotating housing, it 
may be desirable to utilize the centrifugal forces generated in the permeate to create 
a radially differential back pressure on the filter elements 148 to partially balance 
the transmembrane pressure and substantially prevent preferential fouling. In some 
embodiments, one or more orifices may be included in the permeate outlet path such 
that the flow can be controlled and utilized to prevent preferential fouling. 

In one preferred embodiment, only the members 151 rotate while the filter 
elements 148 remain stationary. Using stationaiy filter elements 148 while attaching 
the members 151 to a central rotating shaft 134 simplifies the construction of the 
rotational unit 132 and its interface with the housing 105. However, additional 
elements and/or steps may be required to reduce or eliminate preferential fouling. 

Hie housing 105 may be configured in a variety of ways. For example, it 
preferably has a generally cylindrical configuration which may be contoured to the 
filter unit 147 in order to minimize hold-up volume or not contoured to the filter 
unit 147 to facilitate various seal arrangements. The process fluid inlet, the retentate 

15 
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outlet, and the permeate outlet may be located at any suitable point in the housing 
105. For example, the process fluid inlet may comprise a series of ports on one side 
of the housing while the retentate outlet comprises a series of ports on the opposite 
side of the housing 105. The fluid flow may be variously configured. For example, 
where fluid flow is directed along or through the shaft 134, the process fluid inlet or 
the retentate outlet may comprise the opening in the side of the housing 105 which 
accommodates the shaft 134. The permeate outlet 108 is preferably located at a 
convenient juncture between the housing 105 and the filter unit 147. 

Configuring the dynamic filter assembly to introduce the process fluid into the 
housing on a side of a spinning member that does not abut a filter element 148, e.g., 
at the bottom of the rotational unit or at the top of the rotational unit as shown in 
Figure 2, may reduce fouling of the filter elements 148. In this manner, the process 
fluid progresses radially out from the spinning member, then turns, and comes back 
between the filter element 148 and the plate 161. Thus, before the filter element 
148 is subjected to the process fluid, the process fluid is spinning at its full speed. 

In the embodiment shown in Figure 3, each filter element 148 may comprise 
a substantially rigid plate 161 and at least one but preferably two filters 162 
respectively mounted on opposite sides of the plate 161. A porous substrate 250 may 
also be mounted between the rigid plate 161 and each filter 162. 

In the embodiment shown in Figure 3, the filter elements 148 may be 
removably mounted to the holder 167. The holder may serve many functions. For 
example, it may serve to support the filter elements 148 in a stacked configuration, 
anchor the filter unit 147 to the housing, maintain the filter elements 148 properly 
spaced from another, and/or provide drainage of the permeate from the filter 

16 
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elements 148 to the permeate outlet 

The plate 161 may comprise any suitably substantially rigid material which 
provides sufficient structural integrity and which is compatible with the process fluid 
including polymers, metals, ceramics, and/or glass. For example, the plate 161 may 
comprise a rigid polymeric material such as nylon and/or polysulfones. In addition, 
the plate 161 may include a reinforcement such as oriented glass fibers dispersed in 
the polymeric material or an integral metal support. This reinforcement provides 
additional structural integrity. It also provides dimensional stability by resisting 
expansion of the plate 161 due to temperature or moisture absorption. Passgps 
163 allow the permeate to drain from the filter 162. Passages 163 may include 
through-holes, channels (including V-shaped, rectangular, and/or irregular shaped 
circumferential and/or radial grooves formed in the plate 161), and substrate 
materials disposed between the filter 162 and the plate 161. In some embodiments, 
one or more pieces of permeable material may be disposed in the passages 163 to 
modify the permeability of the passages 163. Additionally, the passages 163 in the 
plate 161 may be contoured to minimize back pressure on the filters 162 and balance 
transmembrane pressure. The plate 161 may further include flats on its surfaces and 
edges to facilitate mounting the filter 162. 

The plate 161 may be variously configured. For example, the plate 161 may 
include one or more circumferential grooves in fluid communication with one or 
more radial grooves or passages 163. Alternatively, any plate 161 structure may be 
utilized which is compatible with the particular filter 162 and/or substrate 250. Of 
course the plate 161 is not limited to radial or concentric grooves but may include 
any surface configuration such as a rough, smooth, mesh, checkered, diamond, 

17 



WO 96/01676 



PCT/DS95/09457 



triangular, and/or other contoured or non-contoured surface configuration which 
allows drainage of the permeate. 

The filters 162 of the filter unit 147 each include an upstream side which 
communicates with the process fluid and a downstream side which communicates 
with the permeate and, therefore, divide the housing in two chambers, one chamber 
containing the process fluid and the other chamber containing the permeate. Each 
filter 162 may comprise any suitable porous filter media, including a porous metal 
media, e.g., sintered metal particles, a porous ceramic medium, porous polymeric 
medium, a fibrous medium, and/or a woven or non-woven porous membrane 
mounted to at least one surface of the plate 161. The size and distribution of the 
pores of the filter 162 may be selected to meet the requirements of any particular 
application. The filter 162 may be mounted to the surface of the plate 161 in any 
suitable manner, including heat-sealing, welding, or by means of a solvent or an 
adhesive. 

In accordance with the present invention, permeability of each of the filter 
elements 148 is varied in order to adjust the flow through the filter elements 148 
such that preferential fouling is prevented or retarded. In some embodiments the 
permeability of the filter element 148 may be substantially matched to radial fouling 
characteristics of the filter element 148. In other embodiments, a linear and/or step- 
wise adjustment in the permeability of the filter elements 148 may be sufficient to 
substantially prevent preferential fouling. To vary the permeability of the filter 
element 148, it may be preferable to modify the permeability of the filter 162, the 
substrate 250, and/or the plate 161. 

The permeability of the filter and/or substrate may be modified by adjusting 
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the thickness, the solid volume fraction, and/or the pore size. The solid volume 
fraction is the fraction of solid material to the total volume. The permeability of the 
filter 162 and/or substrate 250 may be modified by, for example, radially varying the 
permeability. The radially varied permeability may be accomplished with either a 
uniform or variable thickness filter 162 and/or substrate 250. The size of the pores 
and/or the solid volume fraction in the filter 162 and/or substrate 250 may be 
selected to meet the requirements of any particular application, and may be radially 
graded across the surface of the filter element 148. In exemplary embodiments, it 
may be desirable to increase the solid volume fraction with increasing radius. 

The substrate 250 may, for example, include a micro or macro porous woven 
or non-woven sheet including fibrous sheets. The substrate 250 and/or filter 162 
may be any porous material including a ceramic, metal (e.g., sintered metal), and/or 
polymeric material. In exemplary embodiments, the substrate 250 may provide 
support for the filter 162 and provide drainage for the permeate. If a substrate 250 
is utilized, the substrate 250 is preferably disposed between the plate 161 and the 
filter 162. 

A radially graded filter 162 and/or substrate 250 may be variously configured. 
For example, a filter 162 such as, for example, a rolled fiber metal or nylon 
membrane may be backed with one or more layers of backing material such as, for 
example, open mesh. The filter 162 and the backing material may be placed on the 
plate 161 such that the open mesh provides drainage for the permeate. hi some 
embodiments, it may be desirable to roll the mesh and/or mesh/filter assembly. 
Different regions having the same or different number of layers of material may be 
rolled to different heights or to the same height By incorporating one or more 
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additional layers at the outer radius or rolling the outer radius to have a greater solid 
volume fraction, it is possible to form a filter 162 and/or substrate 250 having a 
radially graded permeability. For example, if a metal filter and/or backing material, 
e.g., a fiber metal backing or substrate material, is utilized, it may be desirable to 
5 calendar one or more layers of the backing material to different thicknesses, or to 
the same thickness to provide a filter element 148 having a radial gradient in the 
pore size or solid volume fraction, or both. Alternatively, the radially graded 
permeability may also be achieved by incorporating a filter 162 having a radially 
graded pore structure. The permeability of the plate 161 may be modified by 

10 adjusting the permeability of the passages 163 by, for example, varying the size of the 
passages 163, including a permeable material in the passages 163, and/or adjusting 
the back-pressure on the permeate side of the filter element 148. In the case where 
concentric, radial, and/or other passages 163 are utilized, the depth, width, cross- 
section, and/or other dimensions of the grooves, channels, other passages 163 may 

15 be varied to adjust the fluid flow over different regions of the filter element 148. 
Different size orifices, capillaries, and/or other flow restricting devices including 
porous elements may be incorporated into the passages 163 in the plate 161 to vary 
the permeability of the filter element 148. These flow restricting devices may be 
molded, machined, etched, inserted into the plate 161 and/or deposited thereon 

20 using any suitable deposition technique including chemical vapor deposition and 
electo-deposition. Different passages 163 or grooves may include materials having 
differing permeabilities. In this manner, the passages 163 in the plate 161 may be 
contoured to minimize back pressure on the filters 162 and balance transmembrane 
pressure. 
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In the exemplary embodiment illustrated in Figures 4A and 4B, a through- 
hole 251 is formed between each channel 275 in the plate 161 and the radial duct 
276 leading through the plate 161 to the permeate outlet 108. The through-holes 251 
may have a cross section suitable for restricting the flow of fluid into the radial duct 
from the circumferential grooves. Further, the through-holes may be located along 
a single line, grouped, or dispersed throughout the filter element 148. Additionally, 
it may be desirable to adjust the diameters of the through-holes 251 to vary the 
permeability along the membrane. In an exemplary embodiment, the through-holes 
251 toward the outer portion of the filter element 148 have a smaller diameter than 
the through-holes 251 at the inner portion of the filter element 148 so that the 
permeability is varied radially along the filter element The through-holes 251 may 
have any configuration and may have a diameter or cross-sectional area which varies 
radially across the filter element 148 linearly, in a step-wise manner, and/or in a 
manner closely matched to the fouling of the filter 162 such that preferential fouling 
is substantially prevented. 

As shown in Figures 5A and 5B, it may be desirable to include one or more 
through-holes 251 having a fixed or variable size along a single circumferential 
groove. For example, the inner circumferential grooves may have a larger number 
of through-holes 251 than the outer circumferential groves. Further, it may be 
desirable to vary the size of the through-holes 251 associated with different 
circumferential grooves to provide added flexibility in varying the permeability. The 
size of the through-holes 251 may be determined using standard orifice and/or 
capillary pressure drop equations. In some embodiments, it may be sufficient to 
have only first and second regions of through-holes 251 with larger holes disposed 
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at the inner portion of the filter element 148 and smaller holes disposed at the outer 
portion of the filter element 148. 

In the embodiment illustrated in Figures 6A and 6B, a plurality of 
circumferential channels are coupled together, for example, via a radial channel 
section 277 which in turn communicates with the duct 276 through one or more 
through-holes 251. In one embodiment, a plurality of circumferential grooves are in 
fluid communication with a single through-hole 251 in the radial channel section 277. 
In the illustrated embodiment, a plurality of groups of circumferential grooves 
respectively communicate with a plurality of radial channel sections 277. One or 
more barrier ribs 271 extend across the radial channel and isolate adjacent radial 
channel sections 277. The barrier ribs 271 may be variously configured. For 
example, the barrier ribs 271 may be wider and deeper than the grooves 275. 
Further, the barrier ribs 271 may be evenly or unevenly spaced radially across the 
filter element 148. If the barrier ribs 271 are unevenly spaced, it may be preferable 
to bave the barrier ribs 271 more closely spaced toward the outer radial portions of 
the filter element 148 than toward the inner radial portions of the filter element 148 
to more evenly adjust the permeability of the filter element 148. A finer level of 
adjustment may be required at the outer periphery to prevent preferential fouling. 

One problem with the through-holes 251 is that the relative flow restrictions 
between different annular regions may require fine adjustments in the diameters of 
the through-holes 251. In some embodiments, the composition of the plate 161 
and/or the mechanism for forming the through-holes 251, such as molding or 
machining may not provide a desirable level of control and reliability for adjusting 
the permeability across the filter element 148. Accordingly, it may be desirable to 
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include a permeable membrane 270 in the passages 163, e.g., in the grooves, ducts, 
and/or through-holes 251 and/or to vary the diameters of the through-holes 251 by, 
for example, selectively plating the through-holes 251. 

A porous element may also be utilized to vary the permeability of the filter 
element 148 in conjunction with or instead of varying the passages 163 in the filter 
element 148. For example, in the embodiments shown in Figures 4-6, one or more 
elements 270 may be inserted into the through-holes 251. Hie element 270 may be 
variously configured to include a porous material such as a porous metal (including 
sintered metal particles), ceramic, and/or polymeric woven or non-woven material 
or other permeable object. In preferred embodiments, the elements 270, which are 
inserted into the through-holes 251 at different radial positions, have different 
permeabilities to reduce preferential fouling. The element 270 may be used in 
conjunction with or instead of varying the diameter of the through-holes 251. 

Other configurations are possible and include placing the permeable material 
in the radial ducts and/or circumferential grooves. In the embodiment illustrated 
in Figures 7A and 7B, an element 253 having a variable permeability and/or 
thickness is disposed in the radial duct within the filter element 148. In the 
embodiment shown in Figures 7A-7B, through-holes 251 connect the grooves to the 
radial duct However, any suitable mechanism of providing fluid communication 
between the circumferential grooves and the duct is sufficient provided a membrane 
having a variable permeability is disposed therebetween. 

In the case of a membrane having a uniform thickness, the membrane may 
include a variable permeability. This may be achieved by altering the permeability 
of the membrane in a continuous or discontinuous manner. In the embodiment 
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shown in Figures 8A and 8B, the permeability of the filter 162 is varied in a step- 
wise manner and includes, for example, four steps. In an exemplary embodiment, 
each of the four permeable sections 254-257 has a different permeability. 

In some embodiments, it may be desirable to contour the grooves to vary the 
permeability across the filter element 148. For example, as shown in Figures 9A-9B 
and Figures 10A-10B, the height and/or width of the circumferential grooves may 
be varied in one or more locations. The height and/or width of the circumferential 
grooves may be varied across the entire circumferential groove or only at the portion 
of the circumferential groove disposed adjacent to a duct. For example, as shown 
in Figures 11A and 11B, flow restricting mechanisms 252 may be incorporated into 
the circumferential grooves at any suitable location, e.g., adjacent to a duct In some 
embodiments, the flow restricting mechanisms may form an orifice or capillary. 

One problem with varying the height and/or width of one or more portions 
of the circumferential grooves is that the relative flow restrictions between different 
annular regions require very fine adjustments in the height and/or width of the 
passages 163 and/or other flow restricting mechanism. Accordingly, it may be 
desirable to deposit one or more layers of material onto one or more portions of the 
plate 161 and/or etch a portion of the plate 161. In the embodiment shown in 
Figure 12, the flow restricting device may be deposited using any suitable deposition 
technique including chemical vapor deposition and electo-deposition using well 
known techniques. A masking operation may be required such that portions of the 
plate 161 are etched and/or receive a deposit while other portions of the plate 161 
receive little or no deposit and/or etching. In this manner, it may be possible to 
exercise a fine degree of control over the permeability of the filter element 148. 
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The permeability of the filter element 148 may also be varied by varying the 
permeability of the filter 162 and/or the substrate 250. For example, as shown in the 
embodiments of Figures 13A-13B and Figures 14A-14B, a substrate 250 and/or filter 
162 may be configured to have a uniform or variable permeability and/or a uniform 
or variable thickness. Figures 14 A and 14B illustrate an exemplary embodiment 
where the substrate 250 and/or the filter 162 has a radially graded permeability and 
a substantially uniform thickness. Other embodiments may also be utilized to radially 
vary the permeability of the substrate 250. For example, in the embodiment 
illustrated in Figures 13A-13B, a substrate 250 and/or filter 162 having, for example, 
a uniform permeability is utilized and the thickness of the substrate 250 and/or filter 
162 is varied to radially vary the permeability of the filter element 148. Hie 
thickness/permeability of the substrate 250 and/or filter 162 may be matched with 
the fouling mechanisms of the filter element 148 such that annular regions along the 
filter element 148 foul at substantially the same time. By increasing the thickness 
and/or permeability of the filter 162 and/or substrate 250 along the outer periphery, 
preferential fouling of the filter element 148 can be minimized or eliminated. Other 
embodiments may be variously configured. For example, a uniform thickness and/or 
variable thickness plate 161 may be utilized with a uniform and/or variable thickness 
substrate 250 and/or filter 162. Further, the thickness of the filter 162, substrate 250, 
and/or plate 161 may be varied linearly, step-wise, exponentially, or in a manner to 
closely match the fouling characteristics of the filter element 148. 

If a step-wise permeability adjustment in the filter 162 and/or substrate 250 
is utilized, one or more annular regions having differing permeabilities may be 
included. In the embodiment shown in Figures 13A-13B, there are four different 
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annular regions having differing permeabilities. The differing permeabilities are 
achieved using a filter 162 and/or substrate 250 having differing thicknesses. 
However, a single thickness filter 162 and/or substrate 250 may also be utilized as 
shown in Figures 14A-14B. The step-wise regions may be larger along the inner 
radius and smaller at the outer radius. For example, for a sixteen inch outer 
diameter element, the steps at the outer radius may be 0.1 to 2.0 inches, and 
preferably 03 to 1.0 inches and most preferably about 0.5 inches. At the inner 
radius, the steps may be between 05 and 6 inches and preferably between 1.0 and 
3 inches and most preferably about 2 inches. 

In the embodiments illustrated in Figures 13A and 14A, the substrate 250 
and/or filter 162 may be a single element or different elements. If different 
elements are utilized, it may be desirable to form the elements as annular discs and 
bind the elements together forming an integral substrate 250 and/or filter 162. 

In some embodiments, a resin or other material may be impregnated into 
different portions of the substrate 250 and/or filter 162 to vary the permeability. For 
example, the permeability of the filter 162 and/or substrate 250 may be intentionally 
altered in the manufacturing process and/or while in operation by intentionally 
fouling and/or impregnating the membrane. Larger flows at the outer periphery of 
the filter element 148 cause fouling and/or impregnation to first occur at the outer 
portion of the filter elements 148. Thus, it is possible to intentionally foul and/or 
impregnate the filters 162 and/or substrate 250 to a predetermined level which 
substantially balances the transmembrane pressure so that further fouling occurs 
evenly across the filter element 148. 

If the filter 162 and/or substrate 250 is to be intentionally fouled while in 
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operation, it may be desirable to operate at a speed less than the operational speed 
so that a removable layer of particles is built-up on the filter element 148. In some 
embodiments, a predetermined fouling layer is built-up until a stabilization point is 
reached. The fouling of the filter 162 and/or substrate 250 occurs more at the outer 
portion of the filter elements 148 and less along the inner portion of the filter 
elements 148. When this occurs, the permeability of the filter 162 and/or substrate 
250 can be substantially matched to prevent preferential fouling. 

Additionally, it may be undesirable to bring the members 151 completely up 
to operational speed while the permeate valve is shut because the filter elements 148 
may become fouled due to the recirculating flow and/or damaged due to the back- 
pressure. Accordingly, an exemplary start-up procedure determines one or more 
critical levels of relative rotation at which the filter elements 148 either become 
fouled or damaged with the permeate valve closed or partially closed. The start-up 
procedure then limits the relative rotation to be less than the critical value for any 
given position of the permeate valve. 

The critical rotational level is a function of the disc diameter, type of process 
fluid, and other factors that effect the level of back-pressure or shearing. For 
example, for 14-22" inch members 151, it may be desirable to limit the relative 
rotation between the filter elements 148 and the members 151 to, for example, 
between 400 and 800 rpm before opening of the permeate valve is initiated. At 
these levels, there is typically enough shear force acting on the particles to initiate 
some degree of lift counteracting the motion of the process fluid (including the 
particles) flowing towards the filter elements 148. Once this interim equilibrium 
position is reached, the relative rotation may be increased to operational speeds and 
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the permeate valve opened in one or more continuous or discontinuous steps. In 
some embodiments, once the equilibrium position is reached, it may be desirable to 
maintain a ratio between the relative rotation and the permeate valve opening. In 
one embodiment, the spin rate and permeate valve are opened in three steps at 
around 600 rpm, 1100 rpm and at 1800 rpm. 

While exemplary dynamic filter assemblies embodying the present invention 
are shown, it will be understood, of course, that the invention is not limited to these 
embodiments. Modification may be made by those skilled in the art, particularly in 
light of the foregoing teachings. It is, therefore, intended that the appended claims 
cover any such modifications which incorporate the features of this invention or 
encompass the true spirit and scope of the invention. For example, each of the 
aforementioned embodiments may be utilized alone or in combination with other 
embodiments. Further, the filter elements, substrates, and passages are not limited 
to the embodiments shown and are intended to cover different sizes, shapes, and 
even the omission of one or more components shown in the embodiments contained 
herein. Additionally, the devices and methods illustrated herein may be utilized to 
vary the permeability over any region of the filter elements and include reducing the 
permeability at both the inner and/or the outer radius of the filter elements. 
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We Claim: 

1. A dynamic filter assembly comprising: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet, the filter element including a mechanism 
restricting fluid flow to prevent preferential fouling of the filter element; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter. 

2, A dynamic filter assembly comprising: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet, the filter element including a mechanism 
regulating fluid flow in a plurality of circumferential regions to prevent preferential 
fouling of the filter element; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter. 
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3. A dynamic filter assembly comprising: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
communicates with the process fluid inlet and a downstream side which 
5 communicates with the permeate outlet through a permeate path, the filter element 
having a mechanism including a permeable element disposed within the filter 
element in the permeate path for regulating fluid flow in a plurality of 
circumferential regions to prevent preferential fouling of the filter element; and 

a member disposed within the housing facing the filter elements, the member 
10 and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter. 



4. A dynamic filter assembly comprising: 

a housing including a process fluid inlet and a permeate outlet; 

a filter element, disposed within the housing, having an upstream side which 
15 communicates with the process fluid inlet and a downstream side which 
communicates with the permeate outlet via a permeate path; and 

a member disposed within the housing facing the filter elements, the member 
and the filter element being arranged to rotate relative to one another to resist 
fouling of the filter; and 
20 a mechanism disposed in the permeate path for regulating flow of permeate 

fluid through the filter element to prevent preferential fouling of the filter element 
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5. The dynamic filter assembly of any one of claims 1-4 wherein the filter 
element includes a plate and wherein the mechanism includes an orifice disposed in 
the plate. 

6. The dynamic filter assembly of any one of claims 1-4 wherein the filter 
element includes a plate and wherein the mechanism includes a capillary disposed 
in the plate. 

7. The dynamic filter assembly of any one of claims 1-4 wherein the filter 
element includes a plate and wherein the mechanism includes varying the dimension 
of concentric grooves in the plate. 

8. The dynamic filter assembly of any one of claims 1-4 wherein the filter 
element includes a plate and wherein the mechanism includes first and second 
annular regions and first and second flow restricting mechanisms, the first annular 
region being in fluid communication with a first flow restricting mechanism and the 
second annular region being in fluid communication with the second flow restricting 
mechanism. 

9. The dynamic filter assembly of claim 8 wherein the first flow restricting 
mechanism includes a first through hole and the second flow restricting mechanism 
includes a second through-hole. 

10. The dynamic filter assembly of any one of claims 1-4 wherein the filter 
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element includes a filter and wherein the mechanism includes varying the 
permeability of the filter in the filter element. 

11. The dynamic filter assembly of any one of claims 1-4 wherein the filter 
element includes a substrate and wherein the mechanism includes varying the 

5 permeability of a substrate in the filter element 

12. The dynamic filter assembly of any one of claims 1-4 wherein the each 
filter element includes a circumferential region includes a plurality of circumferential 
grooves. 

13. The dynamic filter assembly of any one of claims 1-4 wherein the fluid 
10 flow through the filter is varied in a step-wise manner and includes a plurality of 

steps. 

14. The dynamic filter assembly of claim 13 where the number of steps is 
at least four. 

15. The dynamic filter assembly of any of claims 1-4 including a permeable 
15 section, wherein the fluid flow through the filter is varied by the permeable section. 

16. The dynamic filter assembly of claim 15 wherein the filter element 
includes one or more permeate channels and wherein the permeable sections are 
disposed in the permeate channels. 
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17. The dynamic filter assembly of any of claims 1-4 including a permeate 
channel extending radially through the filter element. 

18. The dynamic filter assembly of claim 17 wherein the permeable 
sections are disposed serially within the permeate channel 

19. The dynamic filter assembly of any of claims 1-4 including a plurality 
of permeable sections having differing permeabilities and wherein the fluid flow 
through the filter is varied responsive to the differing permeabilities. 

20. The dynamic filter assembly of claims 1-4 wherein the filter element 
includes a plate and the permeate channel is disposed within the plate. 

21. The dynamic filter assembly of any of claims 1-4 wherein the mechanism 
includes a controller for allowing permeate flow only after the rotation of the filter 
element relative to the member is greater than a predetermined value. 

22. A method of operating a dynamic filter comprising: 

rotating a member relative to a filter element at a predetermined speed; and 
then increasing the rate at which permeate fluid is permitted to flow. 

23. The method of claim 22 wherein increasing the rate at which permeate 
fluid flows includes increasing the permeate fluid flow rate in proportion to the 
relative rotation between the member and the filter element. 
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24. The method of claim 22 wherein increasing the rate at which permeate 
fluid flows includes increasing the permeate fluid flow rate in a plurality of 
continuous or discontinuous steps responsive to the rate of relative rotation between 
the member and the filter element. 

25. The method of claim 22 wherein increasing the rate at which permeate 
fluid flows includes increasing the permeate fluid flow rate to maint ain the permeate 
flow rate below a critical value for any given rate of relative rotation between the 
member and the filter element. 
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